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The Radio Frequency Systems and Control of the HERA Proton Beam
Alexander Gamp
Deutsches Elektronensynchrotron DESY, Hamburg, West Gennany
Abstract Experiences made during initial operation of sane of the Radio Frequency
systems for protons are reported. E\trthenoore phase- and amplitude control loops
associated with the 52 MHz RF System in PETRA II and with the two RF Systems in
the HERA Proton ring which are operating at 52 MHz and at 208 MHz will be discussed.
Intrcxiuction
HERA (1) is a large colliding beam facility for electrons and protons which is presently
under construction at DESY in Hamburg. Electrons and protons are counterrotatinq in two
rings which are installed on top of each other in a tunnel of 5.2 metres diameter which
passes between 10 and 20 metres below the ground level.
The protons are first accelerated to 50 MeV in a linear accelerator (2) and
acceleration to 7.5 GeV/ c, 40 GeV/ c and 820 GeV/ c takes place subsequently in the three
synchrotrons DESY III, PETRA II and HERA respectively. Finally protons are stored in
HERA at the maximum nnnentum of 820 GeV/c for periods of up to ten hours while they are
brought into collision with a 30 GeV/c electron beam.
The circumferences of DESY III, PETRA II and HERA are in the ratio of 11 to 80 to
220, i.e. 317, 2304 and 6336 m respectively.
Details of the acceleration scheme and the proton RF scenario have been described
in a previous article (3). Here we will present our experiences made during initial
operation and conditioning of the 52 MHz RF system of PETRA II and of the 208 MHz system
of the HERA ring. SUbsequently the phase- and amplitude control loops involved in the
PRrRA II and HERA RF systems will be discussed. Finally the present status of the PETRA
II and HERA· proton RF systems will be outlined.
First Experiences with the PETRA II 52 MHz RF System
This RF system has been built entirely at CRNL in canada and is described in detail
in (4). There are two identical RF cavities which consist of cylinders of 2 m length with
a diameter of one metre.. They are loaded by an intermediate cylinder. Since only the
beam-tube is evacuated,. a cylinder made of low loss ceramic has been inserted into the
gap. The two cavities are tuned to the 400t b harmonic. This corresponds to a frequency
'change fram 51.64 to 52.03 MHz as the proton's momentum increases fram7.5 to 40 GeV/c.
The maximum cavity gap voltage is 100 kV. During ccmnissioning, which took place in
May 88, we had problems in maintaining this gap voltage for nore than a few minutes on
one of the two cavities, whereas it could be kept for IOOre than one hour on the other
one. The origin of this problem, which appeared only when the beam tubes were evacuated
and which was recognized by the control computer as an amplitude error in the gap
voltage, is not quite clear. Since the end of the beam tube was closed by a window
flange, attempts could be made to localize a region inside the ceramic tube where
sparking might have occurred. No systematic correlation between detected amplitude
errors and visible phenanena like discharges or sparks was found. For sane time,
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heating of the bellows at the end of the ceramic tubes by RF currents was suspected to
be a possible cause of the problem. Shielding the bellows by RF spring contacts of
various geanetries was , however, equally unsuccessful.
Finally it was decided to replace the ceramic tube by a different one which had a
loss tangent of the order of 2*10-4 and which was not available initially. The original
tube's loss tangent was at least twice as large. The estimated power loss at full gap
voltage was therefore of the order of 1 kW at roan temperature and may even have
increased during operation since the loss tangent increases as a function of
temperature. A measurement with an infrared camera showed however that the equilibrium
temperature of tbe ceramic cylinder at the maximum gap voltage was reached after 20
minutes and did not exceed 200°C (5).
careful inspection of the cylinder after reroval fran the cavity did not reveal any
peculiarity such as signs of sparks etc.. The problem was solved by replacing the
ceramic cylinder by the afore-mentioned new one. After sane days of conditioning, many
hours of operation at full voltage with the tube being evacuated were denonstrated.
A possible explanation of the failing of the first cylinder could be the presence
of locally concentrated impurities in the ceramic material causing hot spots, which
might have led to voltage break-down.
Experiences made in Conditioning the HERA 208 MHz Cavities
There are two RF systems in the HERA p-ring. One operates at lower frequency
because it has to handle the 2.16 mbunches arriving fran PETRA (3). A second system
operates at higher frequency to "assure a final bunch length of 27 an. The harronic
number of any RF system in HERA must be a multiple of 220, the maximmn number of
bunches. For the first RF system h =1100 was chosen. 'ftlerefore the RF frequency is the
same as in PETRA, namely 52.03 MHz. This system is presently being built at CRNL in
Canada and is described in IOOre detail in ( 4 ). There will be two cavities similar to
the ones used for PETRA II, but they will be entirely evacuated. camssioning at DESY
should take place in the second half of 1989.
'!be second system, which operates at h =4400, i.e. 208.13 MHz at 40 GeV/c and
208.19 MHz at 820 GeV/c, is built at DESY by the proton RF group. There will be four 208
MHz cavities installed in the HERA ring, and to each cavity a 60 kW transmitter with a
Siemens tetrode RS 2058 CJ is closely coupled by a coaxial line of electrical length
Ti /2. cavity and transmitter strongly resemble the 200 MHz ones which are being installed
in the CERN SPS ring for preacceleration of leptons to be injected into LEP ( 6,7 ).
Measured values of R/Q = 170 and Q close to 54000 agree well with calculations.
During first power tests of the 208 MHz cavities, at power levels below 3 kW,
several multipactor levels were observed and could be relatively easily overcane in
accordance with thecoservations described in (7). '!ben we raised the power to about 17
kW within a day and allowed for vacua up to 5*10-6 torr. At this p:>wer level we fotmd a
multipactor level which was aore difficult to pass, even in pulsed operation. While
trying to get through this level, sparking occurred on the vacuum side of the ceramic
window,and the vacuum became worse than 10-~ torr. Once the vacuum had fallen below 1<r7
torr, we restarted operation and found that now the window temperature measured at the
inner conductor was significantly higher than previously. For power levels around 15 kW
now typically 50 deg. was observed, about 20 deg. above normal conditions.
Inspection of the window after raooval fran the cavity showed partial metallization
of the vacuum side of the ceramic, especially at locations close to the inner and outer
radius where the ceramic disk is brazed to the coaxial copper conductors. It looked as
if the brazing seams had been b:mbarded by ions and/ or electrons which then had
sputtered material fran the brazing alloy on to the ceramic. Charged particles are
likely to be focused on to the brazing seams by the high electrical field caused by the
thin layer of brazing alloy, which is present at the inner and outer radius on the
surface of the ceramic disk. Since cleaning the ceramic disk and restarting the
HERA PROTON BEAM [769]167
conditioning process with IOOre stringent restrictions on the vacuum did not solve any of
the problems (we did not go above leT8 torr in one particular run) , we simply shielded
the vacuum side of the inner and outer brazing seams by Ti rings of appropriate
diameters. This simple method canpletely solved our problems. The first cavity has been
conditioned up to 40 kw, which is well above the maximum power of 25 kW where we are
going to operate routinely.
Ti was chosen because of its low coefficient of secondary electron emission and
since in the past many groups solved or reduced their multipactor problems in RF windows
by Ti- coating of the adjacent metal surfaces. As we pointed out above, we are not
convinced that multipactoring is our real problem and we believe that shielding of the
brazing seams by eu rings for example would have been equally successful. We will try
to denonstrate this in the future.
Following this philosophy, our second ceramic window was manufactured in a diffrent
manner in order to prevent any brazing alloy fran being sputtered on to the vacuua side
of the ceramic. The front surfaces of the ceramic disk, TNhich are brazed to the inner
and outer copper conductors, were only partially metallized. With this window the second
cavity was conditioned up to the power level of 40 kW within two weeks and it has since
been operated for many nonths at various power levels without problems.
Control of Beam Ioading and Bunch Oscillations in PErRA II
In PErRA II transient beam-loading is nost severe during injection when the ring is
filled to 50%. The maximum effective beam current is .3 A. With a loaded cavity shunt
impedance of .3 MO, beam loading will initially change the cavity gap voltage of 30 kV
at a rate of 550 volts per us and its phase by typically 11 degrees per JlS. 'Ibese devia-
tions may be canpensated by a fast feedback loop of open loop gain 50, which is incorpo-
rated in the RF amplifier chain. A supplementary feedforward system is under considera-
tion. In addition a phase loop for damping coherent synchrotron oscillations between
injected trains (batches) of 11·bunches each is being built. SUch oscillations are
likely to be caused by imperfect timing during beam transfer fran DESY III to PErRA II.
The bandwidth of this AC coupled loop is li.mited to one MHz by the 52 MHz carlty and the
amplifier hardware. 'Iberefore the digital filter following the phase detector shown in
fig. 1 contains 8 individual registers for storing the average phase of the synchrotron
oscillation of each of the up to 8 batches in PErRA. 1he phase shift of 9()0 relative to
the synchrotron frequency, which is necessary for damping the oscillation, is also
produced digitally (8). After proper gating and multiplexing these signals drive a phase
shifter acting on the VCO output.
Schemol1 c of PETRA I I RF
and Phose Loop
FIGURE 1 Schematic of the PErRA II 52
MHz RF. In the phase detector dipole
oscillations of the bunches are detec-
ted by canparing the filtered 52 MHz
canponent of the beam to a reference.
In the registers an averaged phase
signal for each of the 8 trains of 11
bunches is stored, shifted by 90 deg.
with respect to the synchrotron fre-
quency and properly multiplexed to the
phase shifter. A radial loop acting
on the frequency source as to correct
deviations fran normal radial beam
position is also foreseen.
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~sting and Projected Feedbackloops for the HERA 52 MHz and 208 MHz RF Systems
As in PE'I'RA II transient beam loading during injection into HERA is handled by a 52
MHz RF system, which also has a fast feedback loop of open loop gain 50 to reduce the
beam induced variations of cavity RF phase and voltage. Provision to add a feedforward
loop has been made. A phase loop resembling the one in PErRA II for damping coherent
synchrotron oscillations between subsequent batches is planned. Ultimately a wideband
bunch-to-bunch phase loop may have to be added. Since the spacing between bunches is 96
ns, this would require a specially designed cavity-amplifier system of at least 10 MHz
bandwidth.
The second RF System in HERA operating at 208 MHz is needed to canpress the
bunches to the length of 30 em at full energy. During the injection period the Rf
voltage of the 208 MHz system ideally should be kept at zero volts to avoid particle
loss. This is supported by the choice of the bunch length of 2.16 mat injection, which
is the length for minimum (3%) harmonic content at 208 MHz and by a fast feedbackloop
of open loop gain 100 which has been closed around the 208 MHz RF amplifier chain.
During lal:oratory tests even higher gains were realized.
Injection is succeeded by a first compression phase where the total 52 MHz RF
voltage is raised to 280 kV wiri.ch reduces the bunch length to 1.15 ro. In the second
compression phase, where the 208 MHz voltage is raised adiabatically to its maximum
total value of 2.4 MV, the bunches are canpressed to 58 em, which reduce to 30 em ftmile
the energy is ramped to its maximum value of 820 Gev.
In order to suppress multi bunch instabilities, the cavity impedance zcav(wbeam)
as seen by the beam current fourier component wbeam has to be reduced to values belC*1
30 kQ (9) at the fundamental frequency fo =h*'-'wrevl (2n) and at the nearby revolution
frequency harIoonics (h=44oo). Here the beam current may have strong fourier components
in the case of an unequal bunch filling of the machine for example. Therefore, in
addition to the existing fast feedback, a fast feedforward system, possibly using a
digital filter, is planned, A block diagram of the 208 MHz control loops is presented in
fig 2. In the presence of feedback and feedforward the cavity impedance can then be
expressed as follows:
w +l'iw w
l+AF e-il'iwOFB + iQ (~_ cav)L w w +l'iw
cav cav
Wbeam- wcav •
beam current fourier component.
frequency to which the cavity is tuned.
loaded Cavity shunt impedance.
loaded Cavity quality factor.
= open loop feedback gain.
propagation delay of the signal along the feedback path where fo * ~B must
be an integer.
(wbeam-wo)~WoFFis the phase in the feedforward path.









Phase shifts due to a nonvanishing Ss» may arise either by detturing the cavity to the
frequency wcav other than Wo or when wbeam is not the fundamental frequency component
of the beam. The delay &oF must be an integral roultiple of the revolution time t r ev •
Therefore, ideally, the beam induced voltage in the cavity can be canpletely cancelled
by the feedforward signal, which should be a true image of the inphase-opposed beam
current canponent at the fundamental cavity frequency fo.
Since the beam current is in quadrature with the cavity RF, the feedforward signal
can be obtained by derivation of another quadrature signal of opposite sign fran the RF
source. nte anount of quadrature RF which is then added to the drive signal for
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FIGURE 2 SChematic of the HERA 208
MHz RF. Only one of the four cavities
is shown with it's fast feedback loop
closed around the amplifier chain.
'Ibere are slow amplitude and phase
loops and a feedforward system which
consists of a rectified signal propor-
tional to the 208 MHz canponent of the
beam. It controls the anount of qua-
drature RF which is added to the drive
signal in order to cancel the beam in-
duced signal in the cavity. Proper ti-
ming is achieved by a digital filter.
canpensation of the cavity beam induced voltage is controlled by a signal proportdonal
to the 208 MHz canp:ment of the beam current. Due to ever present fluctuations of
amplifier gain, in practice an amplitude error of sane 10% in the feedforward signal has
to be considered. 'ftris results in a feedforward factor F typically .9 rather than 1.
In fig. 3a the calculated total impedance of the four 208 MHz cavities as seen by
the beam is plotted as a function of the frequency deviation 6£ = (wbeam-Wo) / (2I'I) ,i.e.
for a cavity tuned to fo. Due to the high feedback gain detuning the cavity for
beamloading canpensation by about 8 kHz will have only minor influence on these
impedances. As one sees, at multiples of 47.3 kHz, i.e. the revolution frequency, the
total impedance is well below the critical value of 30 kQ. At half integral multiples
of fr e v , which would correspond to bunches arriving at opposite phase, the impedance is
largely enhanced. The influence of small phase errors, which will result fran
synchrotron oscillations, can be estimated fran fig. 3b, where the same calculation as
in fig. 3a is shown but with the range of 6f reduced to ± 500 Hz, which is
canparable to the synchrotron frequency fs =272 Hz. Within this frequency range, the
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FIGURE 3a (left) Total impedance of the four 208 MHz Cavities plotted against the
difference between beam current fouriercanponent fbea. and cavity resonance frequency
£0. The impedances were calculated by equ. 1 for the feedbackgain AF = 100 and the
feedforward factor F = 0.9. The values used for loaded cavity Q and shunt impedance are
27500 and 4.4 ltD. For the delays in the feedback- and feedforward paths the values
200ns and .211 us, i.e. a one turn delay, were taken. The oscillatory structure of the
impedance reflects the phase dependence of the feedforward correction. The minima are at
integer multiples of the revolution frequency of 47.3 kHz, i.e. at the possible beam
current fourier canponents.
FIGURE 3b (right) Same as 3a but for the frequency deviation reduced to ± 500 Hz to
illustrate the small influence of possible phase errors resulting fran synchrotron
oscillations on the cavity impedance.
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Present Status of the Pgr'RA II and HERA RF Systems
The PErRA II RF system has been ccmni.ssioned in May 1988 and is operational. A Phase
loop for damping synchrotron oscillations is presently under construction. First
injection of 7.5 GeV/c Protons fran the synchrotron DESY III into PErRA II is scheduled
for July 1989.
'!be HERA 52 MHz RF system is presently under construction at CRNL in Canada.
Ccmnissioning at DESY is foreseen for autumn 1989.
'!be HERA 208 MHz RF system is built by the DESY proton RF group. All cavities and the
canplete RF amplifier chains are operational. All driver amplifiers and two fully
conditioned cavities have been installed in the HERA tunnel together with their 60 kW
main RF amplifiers. '!he third cavity has been fully conditioned in the Laboratory. The
developnent of a fast feedbackloop of gain 100 and of slow amplitude and phase
regulations, capable of reducing the noise in the frequency spectrum in the range of
two kHz around the ftmdamental frequency to about -100 dB/Hz, has been accomplished. The
entire system should be operational in the HERA tunnel by the end of 1989.
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